INTRODUCTION
Hybrids occasionally suffer from physiological and developmental problems, resulting in reduced fitness in comparison to their parents. These hybrid incompatibilities can impede gene flow in populations, and thus are important for genetic differentiation between populations and ultimately speciation in both plants and animals (Coyne and Orr, 2004) . Hybrid difficulties often become obvious only in the F 2 or later generations, a phenomenon known as hybrid breakdown. Hybrid breakdown has been reported in many plants species including rice, wheat, rye, primrose and Arabidopsis thaliana (Sato and Morishima, 1988; Yamamoto et al., 2007; Jiang et al., 2008; Alcazar et al., 2009; Bikard et al., 2009) . A theoretical model, proposed by William Bateson, Theodosius Dobzhansky and Hermann Muller, explains the evolution of hybrid breakdown. The model postulates that if independent mutations occur in two or more interacting genes and these later become fixed in two different populations, the newly evolved alleles can result in conflicts when brought together in a hybrid (Coyne and Orr, 2004) . In hybrid breakdown, the conflict occurs when at least one of the interacting genes becomes homozygous in the F 2 or later generations.
Plant hybrid breakdown, like hybrid incompatibility in the F 1 generation, is often linked to growth defects, necrosis and chlorosis, which result in reduced viability and fertility (Bomblies and Weigel, 2007) . Both hybrid necrosis and previously reported cases of hybrid chlorosis are linked to autoactivation of defence responses. While the former results in localized cell death, the latter is typified by reduced chlorophyll content and hence reduced photosynthetic efficiency (Sato and Morishima, 1988; Tomar and Singh, 1998; Bomblies and Weigel, 2007; Ichitani et al., 2012; Nakano et al., 2015) . Arabidopsis thaliana has been successfully used to unravel the genetic mechanisms of many cases of F 1 hybrid weakness (Bomblies and Weigel, 2007; Alcazar et al., 2009; Chae et al., 2014; Todesco et al., 2014; Swiadek et al., 2017) . So far, only few genes or mechanisms underlying hybrid breakdown have been reported, but none of them was specifically shown for hybrid chlorosis (Alcazar et al., 2009; Bikard et al., 2009; Durand et al., 2012) . Therefore, investigation of genetic and phenotypic factors associated with hybrid chlorosis will improve our understanding of different origins of hybrid incompatibilities.
In addition to biotic and abiotic factors as causes, chlorosis can also arise due to a delay in chloroplast biogenesis, functionality or metabolism (Stern et al., 2010) . For example, the absence of enzymes involved in rRNA processing during ribosome biogenesis, including several members of DEAD-box RNA helicase family proteins, has been reported to result in a chlorotic phenotype in young leaves (Bollenbach et al., 2005; Bang et al., 2012; Chi et al., 2012; Fristedt et al., 2014) . Additionally, loss of proteins involved in chloroplast RNA editing or essential for photosynthesis has been shown to result in slow greening of leaves (Zhou et al., 2009; Stern et al., 2010; Cao et al., 2011; Chi et al., 2012; Hu et al., 2014) . While several chlorotic mutants have been characterized in detail, factors involved in chlorosis in natural populations are not well known.
In this study, we investigate hybrid breakdown after a cross between the A. thaliana accessions L€ ovvik-5 (Lov-5) from Northern Sweden and Shahdara (Sha) from Tajikistan. Hybrid breakdown in the F 2 generation is accompanied by reduced chlorophyll content and photosynthetic efficiency in young leaves, decreased seed yield, and changes in early embryo and leaf development. Hybrid chlorosis was linked to two recessive interacting loci: one on chromosome 1 and one on chromosome 5. On chromosome 5, a gene encoding an uncharacterized DEAD-box RNA helicase 18 (AtRH18) was found to be necessary for hybrid chlorosis. The study provides novel insights into genetic, molecular and physiological architectures associated with hybrid breakdown in A. thaliana.
RESULTS
Hybrid breakdown between Sha and Lov-5 is associated with reduced chlorophyll content and photosynthetic efficiency F 1 hybrids that were derived from reciprocal crosses between A. thaliana accessions Shahdara (Sha) from Tajikistan and L€ ovvik-5 (Lov-5) from Sweden did not differ from the parent phenotypes (Figure 1a and c) , but about onesixteenth of plants in F 2 populations had curled and chlorotic leaves (Figure 1a ). The descendants of chlorotic F 2 plants no longer segregated this phenotype, indicating that two recessive loci that became homozygous in the F 2 are responsible for it. Chlorotic F 3 hybrid lines were used for further phenotypic and physiological analyses. We observed that 15.68% of the chlorotic F 3 hybrids had only a single or fused cotyledon (Figure 1b ) with altered leaf vascular architecture. Despite the initial slower growth of the chlorotic leaves, their final rosette size was similar to that of the Lov-5 parent (Figure 1c) . Nevertheless, the chlorotic F 3 hybrids produced significantly fewer seeds ( Figure 1d ) and they carried 14% of aborted seeds in their siliques (Figure 1e ). This indicated that the chlorotic hybrids might have defects in embryo development. The height of the main stem, number of side shoots, rosette leaf number or flowering time did not differ between the chlorotic F 3 hybrids and the parents (Table S1 ). Next, we investigated the chlorophyll content of the three youngest leaves and mature leaves in parental lines and one chlorotic F 3 line ( Figure 1f ). In young leaves, the chlorotic F 3 hybrid contained significantly less chlorophyll in comparison to both parents, while the mature leaves that had stopped growing did not show a difference in the chlorophyll content (Figure 1f) . Chlorotic plants also showed decreased starch content in young leaves (Figure 1g ), most likely due to their reduced photosynthesis.
To determine if chlorosis was associated with altered photosynthetic efficiency, we performed chlorophyll-a fluorescence imaging measurements every second day across 2 weeks, starting 8 days after germination (DAG). The Fv/ Fm ratio was used to investigate the maximum quantum efficiency of photosystem II across development in parents and in a chlorotic F 3 hybrid line. We found that only the young leaves, starting from leaf 4, of the chlorotic F 3 hybrids showed lower Fv/Fm ratios in comparison to the parents, while photosynthetic efficiency in fully grown leaves was similar in hybrids and parents (Figure 2a and b) .
Because hybrid chlorosis can be a sign of activated defence against pathogens (Nakano et al., 2015) and thus may be accompanied by necrosis, we stained young leaves of both parents and the F 3 hybrid with Trypan blue, which marks dead cells. We did not detect ectopic cell death (Figure S1a) . Moreover, none of the several marker genes for defence response, namely, PATHOGENESIS-RELATED GENE 1 (PR1), PATHOGENESIS-RELATED GENE 5 (PR5), PHOSPHOLIPASE D DELTA (PLDd), PLANT DEFENSIN 1.2 (PDF1.2) and ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1), was induced in the chlorotic plants ( Figure S1b ), confirming that chlorosis was not due to activated defence responses. Grafting shoots from chlorotic F 3 plants to roots from either parent did not rescue chlorosis, indicating that the signal for chlorosis comes from the leaf tissues ( Figure S2 ).
To further examine how hybrid chlorosis influences fitness in natural conditions, we grew chlorotic hybrids and parents outdoors on a field. Seeds were first sown in boxes in four replicates in early October 2012. After germination and growth for 3 weeks in the glasshouse, the boxes were transferred to the field throughout the winter. Phenotypes were scored in April 2013. In contrast to uniform greenhouse conditions, the chlorotic F 3 hybrids not only produced fewer seeds in the field (Figure 3c ), but were also smaller than the parents (Figure 3a and b) . In addition to fitness measurements, the field-grown plants were sampled for metabolic analysis in order to investigate if the leaf chlorosis was due to problems in uptake of nutrients. We compared levels of thiols, ions and amino acids in chlorotic hybrids and parents grown in the field and in the greenhouse. Hybrids accumulated more nitrate and ammonium as well as nitrogen-rich amino acids indicating problems in regulation of nitrogen metabolism both outdoors and in the greenhouse (Figure 4) . Nevertheless, there was no indication of nutrient starvation in chlorotic hybrids. Taken together, we have shown that chlorosis starts in the fourth leaf of Lov-5 9 Sha hybrids, resulting in initial reduction of photosynthetic efficiency and growth, from which the plants fully recover during maturation.
Two recessive genes underlie F 2 hybrid chlorosis
The segregation ratio of 1:15 (chlorotic:normal plants) in the F 2 generation suggested that alleles of two recessive (c-g) Comparison of leaf surface area (c), seed number (d), seed index (e), chlorophyll content (f) and starch content (g) in hybrids and parents. In the greenhouse, the temperature was 21°C/19°C (day/night). For statistical significance a one-way ANOVA with Bonferroni's post hoc test for multiple comparisons was used with *P < 0.05, **P < 0.01 and ***P < 0.001.
homozygous genes are causing the phenotype. The linkage to two loci, one on chromosome 1 contributed by Sha and one on chromosome 5 contributed by Lov-5, was directly demonstrated by whole-genome sequencing of a pool of 153 chlorotic F 2 plants ( Figure 5 ). The final mapping interval on chromosome 1 contained 74 genes, while the chromosome 5 mapping interval contained 180 genes. By crossing Sha with 22 other accessions and Lov-5 with 13 other accessions, four additional cases (Lov-5 9 Sij-1; Lov-5 9 Sij-2; Lov-5 9 Shigu-2; and Sha 9 Lov-1) of hybrid chlorosis were found ( Figure S3a and b). Flanking markers for both intervals on chromosome 1 and chromosome 5 showed linkage to the same two loci in these other crosses as in Lov-5 9 Sha, suggesting the same underlying genetic mechanism (Table S2) .
A genome sequence comparison of the fully sequenced Arabidopsis accessions producing F 2 hybrid chlorosis when crossed with Lov-5 revealed that all accessions shared non-synonymous SNPs in 10 genes on chromosome 1 (www.1001genomes.org). However, none of the polymorphisms was specific for the chlorosis-producing accessions, suggesting that the underlying polymorphism is likely due to a larger structural variant that is not captured by Illumina re-sequencing. In order to further narrow (a) F 3 hybrids show chlorosis, (b) the average length of the biggest leaf is reduced in F 3 hybrids in comparison to parents, and the F 3 hybrids produce less seeds than the parents (c). For statistical significance, a one-way ANOVA with Bonferroni's post hoc test for multiple comparisons was used with *P < 0.05, **P < 0.01 and ***P < 0.001. down the list of candidate genes from chromosome 1, we genotyped 288 F 3 plants, which were derived from a F 2 plant that was heterozygous in the interval on chromosome 1, with left (M08065) and right (M08460) border markers. From these, four of the non-chlorotic plants were homozygous Sha at M08460 and heterozygous at M08065, indicating recombination events in the mapping interval.
By genotyping with additional markers in the mapping interval (M08350 and M08250), we were able to narrow down the list of candidates to seven genes (At1g08030-At1g08210; Tables 1 and S3 Heat map colours show the log2 fold differences for each metabolite relative to the metabolite levels averaged across all lines. The colour scale is given at the bottom. Data represent mean values of three biological samples. Different letters represent statistically significant differences (P < 0.05) using Tukey's test.
phenotype in nearly all transgenic lines, making these the most prominent candidates for the causal gene on chromosome 1 (Table S3 ). At1g08140 encodes a protein of monovalent cation/hydrogen antiporter family (Sze et al., 2004) , Cation/H + exchanger 6A (CHX6a), which lies in a cluster with two other antiporters from the same family (At1g08135-CHX6b and At1g08150-CHX5). The second gene, At1g08210, encodes an uncharacterized pepsin-like aspartic protease family protein.
On chromosome 5, based on crosses and genome sequence comparisons among accessions, At5g05450 was the most obvious candidate out of 26 genes with non-synonymous SNPs in comparison to Sha (Table 1) . Two independent amiRNAs targeting At5g05450, which were confirmed to reduce the expression of the endogenous At5g05450, were able to fully rescue the chlorotic phenotype in several independent lines (Figure 6a and b; Table S3 ). At5g05450 encodes a DEAD-box RNA helicase 18 (RH18) protein. Lov-5 RH18 shows a unique polymorphism in its first exon (Serine 17 to Tyrosine; Figure 6d ) in the Q-motif, which regulates substrate affinity as well as ATP binding and hydrolysis activity of A graph plotting the frequency of SNP calls in comparison to the reference sequence from the 153 chlorotic F 2 plants that were pooled and sequenced using Illumina sequencing. The high frequency of homozygous SNPs on chromosomes 1 and 5 revealed a linkage between these two loci. The analysis was done using SHORE mapping. the helicase (Cordin et al., 2006) . The Lov-5 parent had significantly higher expression of AtRH18 than Sha parent in young leaves and in seedlings, but the expression of AtRH18 did not correlate with the chlorosis phenotype in the F 3 hybrid (Figure 6c ). This indicates that chlorosis does not require reduced expression of AtRH18.
DEAD-box RNA helicases are known to function in many aspects of RNA metabolism (Cordin et al., 2006; Linder and Jankowsky, 2011) . In A. thaliana, there are 56 different genes and two pseudogenes encoding DEAD-box RNA helicases (Boudet et al., 2001; Mingam et al., 2004) . RH3, RH7, RH22 and RH39 are reported to be involved in chloroplast ribosome biogenesis, and the mutants display a chlorotic phenotype (Nishimura et al., 2010; Chi et al., 2012; Lee et al., 2013) . So far, AtRH18 has not been functionally characterized. Of four different T-DNA insertion lines in the Col-0 reference background, two had insertions in exons (SALK_083512 and SAIL_34_A03) and homozygous mutants died as embryos (Figure 6e and f) . Two other lines with insertions in their promoters (SALK_094004C and SALK_040682C) produced homozygous plants with chlorosis in young leaves (Figure 6e and  g ). This observation suggests that reduced activity of At5g05450 in Col-0 leads to chlorosis. Saccharomyces cerevisiae homolog of RH18, namely Spb4p, is involved in rRNA processing and ribosome biogenesis (de la Cruz et al., 1998) . So far, we have, however, not detected significant differences in the rRNA processing (cytosolic, chloroplastic and mitochondrial) in the chlorotic F 3 lines in comparison to the parents ( Figure S4 ).
Hybrid chlorosis-causing alleles are commonly found in Northern Sweden
Based on the crosses (Figure S3 ), the chlorosis allele from Lov-5 seems to be rare in the global A. thaliana population. However, another accession from L€ ovvik (Lov-1) also showed chlorosis when crossed to Sha, suggesting that this allele may be common to the L€ ovvik area. To investigate this hypothesis, we collected 240 accessions from 15 different collection sites in the L€ ovvik-area in 2015 (Figure S5) . We made crosses between the Sha parents and 84 of these individuals, and in addition eight individuals collected from eight different sites in 2009. Of these 109 individuals, 85 produced F 2 hybrid chlorosis in crosses with the Sha accession (Table S6) . Among the plants collected in 2009, only the Eden and Ramsta individuals did not produce hybrid chlorosis when crossed to Sha. Of the 32 individuals from L€ ovvik in 2015, where we found the first hybrid chlorosis parent, 26 had the causal allele. Based on 2591 informative SNPs from RAD sequencing of the 240 accessions collected in 2015, we found that the individuals in different collection sites are genetically different; however, the individuals from the same population often cluster together ( Figure S6 ). Interestingly, comparison of the mean similarities of the collection sites showed that the L€ ovvik was separated from the rest (Figure S7a and b) . The heterozygosity among the Northern Sweden individuals was on average 1, 49% (ranging from 1, 30-1, 83%; Table S7 ), which is not particularly high but indicates that outcrossing occurs among the individuals in these sites.
DISCUSSION
We demonstrate that F 2 hybrid chlorosis, in a cross between the A. thaliana accessions Lov-5 and Sha, is due to alleles at two unlinked loci. The allele at the locus on chromosome 5 is locally common in Northern Sweden. We further show that a reduction in activity of the DEAD-box RNA helicase 18 (RH18) in Col-0 mutants leads to chlorosis, indicating that it is involved in causing chlorosis and consistent with the Lov-5 allele of the encoding gene, At5g05450, being causal for the F 2 hybrid chlorosis phenotype in the Sha 9 Lov-5 cross. DEAD-box RNA helicases are involved in several processes of RNA metabolism, such as RNA modification, RNA cleavage, RNA degradation, rRNA maturation, ribosome biogenesis and translation initiation, and therefore defects in RNA processing could be responsible for the observed phenotypes (Silverman et al., 2003; Cordin et al., 2006) . Similar defects in early leaf development, including a reduction in cotyledon number as well as leaf curling, have been reported for several other RNA helicase mutants (Lange et al., 2011; Liu et al., 2016) . RH18 had not been previously characterized, and we found that homozygous knockout mutants apparently die as embryos while the knockdown mutants show chlorosis in young leaves, a phenotype similar to that we observed in Lov-5 9 Sha F 2 hybrids.
Other RNA helicases, including RH3, RH22 and RH39, are involved in chloroplast ribosome biogenesis and their perturbation is known to cause reduced chlorophyll content as well as pale coloration of the leaves. This supports the role of RH18 in chlorosis; however, the function of RH18 in causing chlorosis in hybrids still remains to be investigated. In contrast to the mutants in Col-0 background, in which the reduced expression of RH18 gene caused chlorosis, in Sha 9 Lov-5 hybrids, silencing of RH18 using two independent amiRNA constructs rescued the phenotype of the chlorotic hybrids to mimic the phenotype of the parents. It is possible that the function of RH18 changes in different genetic backgrounds and that the epistatic interaction between the RH18 and the yet unknown factor on chromosome 1 could influence the mode of action of RH18.
Whereas RH18 on chromosome 5 was needed for chlorosis, on chromosome 1, based on further mapping efforts, crosses among accessions and sequence comparisons of candidate genes, two genes remained as most prominent candidates. The first gene, At1g08140 encoding CHX6a, belongs to an antiporter family (Sze et al., 2004) , and the second candidate gene on chromosome 1, At1g08210, encodes a protein that belongs to the A1 family of pepsin-like aspartic proteases (Beers et al., 2004) . Members from this family have been shown to be involved in disease resistance (Xia et al., 2004) and hybrid sterility (Chen et al., 2008) . In addition to these two genes, there were five other genes whose role in chlorosis cannot yet be ruled out. From these, MORPHEUS MOLECULE 1 (MOM1) has a specific polymorphism among the 80 tested accessions in Sha resulting in a change of threonine to arginine. It has been speculated that the partial helicase motif in MOM1 could interact with another helicase (Amedeo et al., 2000) . It is intriguing to speculate that the polymorphism in MOM1 could be involved in heterodimer formation with the Lov-5 allele of RH18. The future focus will be to investigate the causality of these candidates for hybrid chlorosis and further investigate the underlying mechanisms causing chlorosis together with AtRH18. Therefore, the involvement of AtRH18 together with the second, yet unknown, causal gene provides new insights into the genetic architecture and mechanisms underlying F 2 hybrid breakdown.
Crosses among Sha parent and 109 individuals collected from L€ ovvik-are a showed that chlorosis-causing alleles were not specific for the L€ ovvik collection site but were commonly occurring in this area. It is known that genes involved in hybrid breakdowns or incompatibilities are often thought to have evolved as a by-product of natural selection on genes underlying beneficial traits, such as pathogen resistance (Coyne and Orr, 2004) . Further experiments are required to find out whether the chlorosis-causing allele of RH18 has evolved through selection or drift. Several DEAD-box RNA helicases have been suggested to be involved in response to abiotic stresses (Owttrim, 2006; Vashisht and Tuteja, 2006) such as the barley DEAD-box RNA helicase, HVD1, which is transcriptionally induced by salt, cold and ABA (Nakamura et al., 2004) . Typical of the collected accessions is that they grow in south facing rocks and, different to many other Arabidopsis accessions, have almost no human disturbance. Furthermore, several studies have shown that Northern Swedish accessions are genetically different from Central European accessions (Nordborg et al., 2005; Franc ßois et al., 2008; Horton et al., 2012; Long et al., 2013) . They are more similar to accessions from Central Asia and Russia, which suggests that Arabidopsis have colonized Northern Sweden from these areas (Nordborg et al., 2005) . The first observation of the Arabidopsis in Northern Sweden where we collected is from 1984, while the oldest observation from the surrounding area was from 1857 (Mascher, 1990) . This indicates that these populations are not recent and have had time to locally adapt to their growth habitats. This is supported by the study from Kerdaffrec et al. (2016) , showing local adaptation in seed dormancy among A. thaliana populations from the same area. One possibility is that local adaptation in the Northern Sweden area involves changes in rRNA processing. Indeed, it was recently shown that Northern Swedish accessions have a high nuclear rDNA copy number compared with other global accessions (Long et al., 2013) . RH18 was expressed more strongly in Lov-5 than in Sha, which could reflect the different function of RH18 in the parental variants. However, whether chlorosis-causing alleles have evolved from variation for adaptation to local environmental conditions or by genetic drift and how they cause hybrid chlorosis in combination with the chromosome 1 gene remains to be investigated in future.
EXPERIMENTAL PROCEDURES Growth conditions of plants and physiological measurements
The Shahdara (Sha) and L€ ovvik-5 (Lov-5) cross was first reported in Salome et al. (2011) . The global accessions were ordered from NASC, and all accessions used in this study are listed in Table S4 . For the experiments, several independent F 3 lines originating from chlorotic F 2 plants were used. The T-DNA mutant lines SALK_083512, SAIL_34_A03, SALK_094004C and SALK_040682C were ordered from NASC. Seeds were stratified in 0.1% Agarose at 4°C in dark for 3-5 days, whereafter they were grown in growth chambers in LD (16 h day/8 h night) at 21°C and at 17°C with a light intensity of 150 lE (lmol m À2 sec
À1
), or in the greenhouse at 21°C/ 19°C (day/night) temperature with varying light intensities. Northern Swedish accessions were vernalized for 10 weeks at 4°C to induce flowering. Total chlorophyll was extracted from leaves of five replicates with 80% (v/v) acetone (Arnon, 1949) and quantified spectrophotometrically according to Porra et al. (1989) . Starch was extracted from the three youngest leaves according to Hendriks et al. (2003) . Leaves were dark-adapted for 30 min prior to the chlorophyll-a fluorescence measurements with the Imaging-PAM M-Series (MAXI Version, Heinz Walz GmbH, Effeltrich, Germany). The minimal fluorescence in the dark-adapted stage, F 0 , and maximal fluorescence during a saturating light pulse of 5000 lE m À2 sec
, F M , were measured to calculate the maximum quantum efficiency of PSII using the formula Fv/F M = (F M -F 0 )/F M .
At least five replicates of Sha, Lov-5 and F 3 were used for all phenotypic measurements. Rosette diameter and leaf surface area were measured with ImageJ (http://rsbweb.nih.gov/ij) from photos taken every second day. For total seed yield, total weight of seeds was divided with the weight of 1000 seeds. The field trial was performed and seed yield was measured as described in Swiadek et al. (2017) . Germination was counted 3 weeks after sowing and the survival of plants after winter in April 2013. The total leaf number was counted after bolting and the length of the biggest leaf was measured from photos of 10 randomly selected individuals of each box. Micrografting was done according to Thieme et al. (2015) with the following modifications; instead of 6-day-old seedlings, we used 10-day-old seedlings and after grafting they were grown for 14 days in SD (8 h day/16 h) at 22°C.
Mapping and genotyping
For mapping, 153 chlorotic F 2 plants were pooled, DNA was isolated using DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and sequenced using Illumina sequencing. Resequencing analysis of the bulked DNA and the parental genomes was performed with SHORE and GenomeMapper (Ossowski et al., 2008; Schneeberger et al., 2009a) following standard parameters. Allele frequency analysis was performed with an early version of SHOREmap (Schneeberger et al., 2009b) by highlighting regions with fixed parental alleles assuming homozygous causal regions (Schneeberger, 2014) . Markers used for further genotyping are listed in Table S5 . RAD sequencing and the analysis of the Northern Swedish accessions were done similarly to Swiadek et al. (2017) . Additionally, SNP-and samplewise novel allele to total coverage ratio were calculated to perform a Spearman correlation on the ratios of all SNPs covered with at least a 10 9 coverage by all samples, and SNPs were showed polymorphism in at least one of the 241 accessions that were genotyped. Visualization was performed as heat map using heatmap.2 of the gplots R package. Heterozygosity was calculated for each sample from SNPs showing more than 10 9 coverage.
amiRNA cloning
Artificial microRNAs (amiRNAs) were designed using the WMD3 online tool (http://wmd3.weigelworld.org) and cloned according to Schwab et al. (2006) . The target sequences of each gene are listed in Table S3 . Constructs were transformed to two chlorotic F 3 lines and then selected using BASTA. All constructs were introduced into Agrobacterium tumefaciens and plants were transformed by floral dip (Clough and Bent, 1998) .
Metabolic profiling
Young leaves of at least five individuals from the field and from the greenhouse were sampled. Deep-frozen and powdered material (20 mg for field-grown plants and 25 mg for greenhouse-grown plants) was homogenized in 300 ll methanol and then in 200 ll chloroform. The polar fraction was prepared by liquid partitioning into 400 ll of ultra-liquid chromatography/mass spectrometry (ULC/MS) water; 100-ll aliquots of polar fractions were vacuumdried for metabolite profiles. One aliquot was dissolved in 500 ll of ULC/MS grade water for ion analysis. Free anions and cations were measured by Ion Chromatography System (Dionex ICS-3000, Sunnyvale, CA, USA) using the suppressed conductivity detection method according to the manufacturer's protocol (Dionex). Thiols were measured by a combination of monobromobimane fluorescent labelling and high-performance liquid chromatography (HPLC; Anderson, 1985; Fahey and Newton, 1987) . Another vacuum-dried 100-ll aliquot was dissolved in 60 ll of 0.1 M HCl. A mixture of 20 ll of extract and 40 ll of 25 lM N-acetyl-cysteine as the internal standard was reacted with 3 ll of 30 mM tris (2-carboxyethyl) phosphine and 10 ll of 8.5 mM N-ethylmorpholine for 20 min at 37°C. After this reduction step, the reaction mix was reacted with 3 ll of 30 mM monobromobimane in acetonitrile for 20 min at 37°C in the dark. The labelling reaction was terminated by the addition of 10 ll of acetic acid, and the resulting solution was subjected to HPLC analysis as described previously (Hubberten et al., 2012) . Amino acids were measured by precolumn online derivatization with Ophthalaldehyde in combination with fluorescence detection (Lindroth and Mopper, 1979; Kim et al., 1997) . The last vacuum-dried 100-ll aliquot was dissolved in 60 ll of 0.1 M HCl. The 30 ll of extract was mixed in a HPLC vial with 30 ll of O-phthalaldehyde solution (Grom Analytik + HPLC GmbH, Herrenberg, Germany) diluted 10 times with water and 25 ll of borate buffer (1 M, pH 10.7) by autosampler, and the resulting solution was subjected to HPLC analysis as described previously (Hubberten et al., 2012) .
Real-time PCR
For the gene expression analysis, total RNA was isolated from young leaves using the InviTrap Spin Plant RNA Mini Kit (Stratec, Berlin, Germany) with three biological and two technical replicates. cDNA was synthetized using Maxima H minus Reverse Transcriptase (ThermoFisher Scientific, Waltham, USA) according to manufacturer's protocol. The primers for defense marker genes PR1, PR5 and PDF1.2 were designed according to Conn et al. (2008) , and UBIQ5 and EF5 were used as housekeeping genes. For the expression analysis of RH18, two sets of primers (TCATGACCT GTGCTTCTGTTGAC/TGCCTTGTCTCTTGCATTCTGC and ACTGCC-CAAGGAAGAAGCCTATG/TGGCAGCTGAACGTATAATCGG) were designed using QuantPrime (Arvidsson et al., 2008) . UBIQ10 and EF1 were used as housekeeping genes.
rRNA analysis
Total RNA was extracted from at least three biological replicates each containing three young leaves using InviTrap Spin Plant RNA Mini Kit (Stratec, Berlin, Germany) as per manufacturer's instructions. For the rRNA quantification the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) was used. For the analysis of cytosolic rRNAs, primers for cDNA synthesis and reverse transcriptase polymerase chain reaction (RT-PCR) were designed as described by Liu et al. (2016) , and circular RT-PCR was performed as described in Hang et al. (2014) . RNA was ligated for 1 h at 37°C using T4 RNA ligase (New England Biolabs, Ipswich, USA). Reverse transcription using Maxima H Minus Reverse Transcriptase (ThermoFisher Scientific, Waltham, USA) was performed according to manufacturer's protocol. RNAase inhibitor (New England Biolabs, Ipswich, USA) was used to protect the samples. For the expression analysis of chloroplastic and mitochondrial rRNA, five biological and two technical replicates were used. Hexamer primers (ThermoFisher Scientific, Waltham, USA) were used for reverse transcription of RNA. For the analysis of chloroplastic rRNA, two sets of primers (GCTTTTTAAGTCCGCCGTCAA/ TTGGTAGTTTCCACCGCCTGT for 16S and TGCTGCTGAATC-CATGGGCAGGCA/TGCTCCCATTTCGCTCGCCGCTACT for 23S) and for expression analysis of mitochondrial 18S rRNA one set of primers (AGCGAAACCCTCGTCTTGTGT/GCTCACTTCGGTTTT-CAAGCC) were used according to Piques et al. (2009) . UBIQ10 and EF1 were used as reference genes. 
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